Fear extinction, the gradual reduction in the fear response by repeated presentation of non-reinforced fear-related cues, is an inhibitory learning process that generates a new memory necessary for overcoming conditioned fear 1 . Although there is evidence to suggest that the acquisition of conditioned fear and the encoding of fear extinction share some common molecular substrates 1 , the function of genes expressed at the time of retrieval of fear memory and how they are regulated to allow fear extinction to proceed has not been thoroughly investigated.
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MicroRNAs are a family of small non-coding RNAs that regulate gene function by inhibiting the expression of their target mRNAs 2, 3 , and recent findings have implicated microRNA activity in learning associated with cocaine and nicotine addiction 4, 5 , as well as suggesting a more general role for miR-124, miR-132 and miR-134 in hippocampal-dependent learning and memory [6] [7] [8] . We found miR-128b to be required for fear-extinction memory. Its influence on fear extinction occurred via negative regulation of genes associated with neural plasticity and retrieval of fear memory.
We first measured miR-140, miR-134 and miR-128b expression in the infralimbic prefrontal cortex (ILPFC) after fear-extinction training (Supplementary Methods). These microRNAs were selected because they are brain specific and because it was found previously that a dysregulation of miR-140 is associated with some psychiatric disorders, whereas decreased miR-134 activity is crucial for the formation of fear-related memory. miR-128b is highly expressed in the frontal cortex, and its host gene, regulator of calmodulin signaling (Rcs, also known as Arpp21) is essential for mediating dopamine transmission 9 , which is critical in the ILPFC for the formation of fear-extinction memories 10 . After auditory-cued fear conditioning on day 1, mice were either exposed to a novel context for 2 h or exposed to a strong extinction protocol to induce complete extinction. No effect of extinction learning on miR-140 expression was observed, suggesting that this microRNA does not contribute to the formation of extinction memory (Fig. 1a) . There was, however, a significant effect of learning The brain-specific microRNA miR-128b regulates the formation of fear-extinction memory MicroRNAs are small non-coding RNAs that mediate post-transcriptional gene silencing. Fear-extinction learning in C57/Bl6J mice led to increased expression of the brain-specific microRNA miR-128b, which disrupted stability of several plasticity-related target genes and regulated formation of fear-extinction memory. Increased miR-128b activity may therefore facilitate the transition from retrieval of the original fear memory toward the formation of a new fear-extinction memory. Figure 1 Extinction training leads to increased mIR-128b expression and is necessary for the formation of fear-extinction memory. (a) Although there was no effect on miR-140 expression in fear-conditioned mice (n = 5, three conditioned stimulus-unconditioned stimulus (CS-US) pairings, 2-min conditioned stimulus duration, 0.7-mA foot shock, 2-min inter-trial interval), miR-134 expression was nonspecifically elevated in the ILPFC after both 2 h of context exposure (Fc-No EXT) and extinction training (n = 5, 60 non-reinforced tone exposures, EXT). *P < 0.05. miR-128b was preferentially increased after extinction training. Relative to naive control mice, miR-134 was increased in the ILPFC of both the FC-No EXT and EXT groups (Tukey's post hoc test, P < 0.05), suggesting that there was a nonspecific increase in miR-134 in response to both contextalone exposure and extinction learning (Fig. 1a) . There was also a significant effect of learning on miR-128b expression (F 2,10 = 7.05, P < 0.05). Relative to naive control mice, miR-128b expression was highly increased in the ILPFC after extinction training (Tukey's post hoc test, P < 0.05; Fig. 1a ). This effect was specific to extinction learning, as miR-128b expression in the ILPFC was unaffected in mice exposed to a neutral context or to non-reinforced conditioned stimuli without first being fear conditioned (Supplementary Fig. 1 ). Furthermore, in the presence of the NMDA receptor antagonist MK-801, which impairs the formation of extinction memory, there was no effect of fear-extinction training on the expression of miR-128b (Supplementary Fig. 2 ).
Immunohistochemistry and in situ hybridization revealed that miR128b was co-expressed in RCS-positive neurons that were innervated by dopamine in the ILPFC (Supplementary Fig. 3 ), and that endogenous miR-128b levels peaked in adulthood ( Supplementary Fig. 4 ), indicating that miR-128b is involved in regulating plasticity in adult post-mitotic neurons. Together, our findings suggest that miR-128b is involved in the formation of fear-extinction memory.
To test for a relationship between extinction learning-induced miR-128b activity and the formation of fear-extinction memory, we introduced a lentiviral construct designed to interfere with miR-128b function (miR-128bAS; Supplementary Table 1) directly into the ILPFC 2 weeks before moderate extinction training. This resulted in a significant effect of treatment on fear-extinction memory (F 3,37 = 11.17, P < 0.001). Relative to mice infused with the empty vector, FG12hH1, mice infused with miR-128bAS lentivirus showed impaired memory for fear extinction when tested 24 h after training (Dunnett's post hoc test, FC-No EXT FG12hH1 versus EXT miR-128AS, P < 0.01; Fig. 1b) , whereas mice infused with miR-140AS lentivirus showed normal extinction memory (Supplementary Fig. 5) . In a separate control experiment, we introduced miR-128AS into the prelimbic prefrontal cortex and found no effect of miR-128bAS on fearextinction memory (Supplementary Fig. 6 ). Finally, we introduced a lentiviral construct designed to increase endogenous expression of miR-128b (miR-128bOx) directly into the ILPFC. miR-128bOx significantly enhanced fear-extinction memory when the mice were tested 24 h after exposure to a weak extinction protocol (F 3,61 = 14.91, P < 0.001; Dunnett's post hoc test, FC-No EXT FG12hH1 versus EXT 128bOx, P < 0.001; Fig. 1c) . These data indicate that miR-128b is necessary in the ILPFC for the formation of fear-extinction memory.
By scanning the 3′ untranslated regions (UTRs) of mRNAs for potential miR-128b binding sites (http://www.targetscan.org/) and using the Gene Functional Classification Tool (DAVID Bioinformatics Database, http://david.abcc.ncifcrf.gov/), we found several plasticityrelated genes, including the genes encoding cAMP response binding protein (Creb1), protein phosphatases 1a (Ppp1ca) and 1c gamma (Ppp1cc), Reelin (Reln), trans-acting transcription factor 1 (Sp1) and Rcs. Of the six predicted genes, all contained at least one conserved 3′ UTR sequence element complementary to miR-128b. On the basis of these observations, we determined the functional relationship between a b 
miR-128b and the 3′ UTR of these putative miR-128b target genes by luciferase assay. Overexpression of miR-128b led to decreased activity of the firefly luciferase gene fused to the 3′ UTR of Creb1, Sp1, Reln, Ppp1cc and Rcs (Tukey's post hoc test, P < 0.05 in all cases; Fig. 2a) , with no effect on Ppp1ca. In each case, co-transfection of miR-128bOx with miR-128bAS reversed the effect of miR-128bOx alone on luciferase activity. We transfected HEK-293T cells containing 3′ UTR-containing luciferase plasmids with a miR-128b mimic (Dharmacon), and again observed decreased luciferase activity (data not shown). Together, these data indicate that there is a functional interaction between miR-128b and several of its predicted plasticity-related target genes. We next examined the influence of miR-128bOx in primary cortical neurons under conditions of KCl-induced depolarization (50 mM KCl). miR-128bOx significantly decreased Creb1, Sp1, Reln, Ppp1cc and Rcs mRNA levels when assessed 48 h after infection (Tukey's post hoc test, P < 0.05 in all cases; Fig. 2b) . However, miR-128bOx had no effect on Ppp1ca mRNA expression. We then determined the effect of strong extinction training miR-128b target mRNA expression in vivo. In contrast with our in vitro data, there was a modest, but substantial, decrease in Creb1 mRNA expression 2 h after extinction training (~20% decrease; Fig. 2c ). However, we observed no effect of extinction training on Sp1 mRNA expression and an unexpected increase in Reln mRNA expression (~70% increase, F 2,11 = 24.69, P < 0.001, Tukey's post hoc test naive versus EXT, P < 0.001). Consistent with our in vitro findings, there was also a significant decrease in Rcs (~40% decrease, F 2,11 = 5.73, P < 0.05, Tukey's post hoc test naive versus EXT, P < 0.05) and Ppp1cc (~40% decrease, F 2,11 = 5.86, P < 0.05, Tukey's post hoc test naive versus both Fc-No EXT and EXT, P < 0.05) mRNA expression after extinction training. Of the six miR-128b targets, only Rcs showed a specific extinction learning-induced decrease in mRNA expression, which was reflected by a time-dependent, transient decrease in RCS protein expression (F 4,18 = 5.85, P < 0.01, Tukey's post hoc test FC-No EXT versus EXT2 and EXT6, P < 0.05; Fig. 3a) . These observations, together with our data demonstrating a specific effect of extinction training on Rcs mRNA and protein expression in the ILPFC (Figs. 2b and 3a) , as opposed to the general effect of learning on Ppp1cc, prompted us to focus on the interaction between miR-128b and Rcs, and its contribution to the formation of fear extinction memory.
The effect of fear-extinction training on Rcs mRNA expression was blocked in the presence of miR-128bAS (Supplementary Fig. 7) . Thus, to determine whether miR-128b regulation of RCS function is causally related to the formation of fear-extinction memory, we infused an Rcs short hairpin RNA (shRNA) lentivirus directly into the ILPFC immediately after fear conditioning. Similar to the facilitating effect of miR-128bOx on fear extinction, mice treated with the Rcs shRNA showed enhanced fear-extinction memory when tested 24 h after extinction training (F 3,31 = 5.07, P < 0.01; Dunnett's post hoc test FC-No EXT FG12hH1 versus EXT 128bOx, P < 0.01; Fig. 3b) . Thus, miR-128b mediates a decrease in RCS expression, thereby regulating the formation of fear-extinction memory.
We found that miR-128b was preferentially activated in the ILPFC by extinction training, targeted several plasticity-related genes, including Rcs, and was critically involved in the formation of fear-extinction memory. The genomic sequence encoding miR-128b is located in an intron of its host gene, Rcs, and RCS is linked to activation of the dopamine (D1) receptor-PKA-dependent signaling pathway, which is critical for the acquisition of conditioned fear [9] [10] [11] [12] . RCS also negatively regulates activity of the protein phosphatase calcineurin by competitively inhibiting calmodulin 9 , which contributes to the strength of aversive memory 13 and is essential for the formation of fear-extinction memory 14 . Although embedded in the Rcs gene, miR128b is driven by its own internal RNA polymerase III-mediated promoter and is not subject to the same pattern of activity-dependent expression 15 . Thus, miR-128b is uniquely positioned to independently regulate the function of RCS. This means of controlling RCS function may serve to prevent excessive RCS-mediated regulation of downstream targets (in this case, inhibition of calmodulin and subsequent activation of calcineurin). It would also provide inherent flexibility in an intracellular network that involves competition between D1 and D2 receptor-mediated signaling at the time of retrieval of the original fear memory trace and during the engagement of the fear-extinction process (Supplementary Fig. 8 ). In summary, through a negative regulatory influence on plasticity-related genes such as Rcs, an activity-dependent increase in miR-128b expression in the ILPFC may facilitate the transition from the retrieval of the original fear memory toward formation of a fear-extinction memory.
Note: Supplementary information is available on the Nature Neuroscience website.
